A sampling frequency offset (SFO) estimation and compensation scheme for asynchronous optical intensity-modulation and direct-detection orthogonal frequency division multiplexing (OFDM) systems by using one single pilot subcarrier is proposed. Experimental demonstrations are also under taken to evaluate the performance of the mentioned scheme, and results show that precise SFO estimation with an accuracy of < ±0.2 ppm can be achieved under the SFO range from −1000 to 1000 ppm after 25 km standard single mode fiber (SSMF) transmission. Meanwhile, an SFO compensation method by extending the channel response with the phase shift correction term is also presented; more than 1000 and 400 ppm SFO effects can be compensated by using the phase shift correction term and its approximation, respectively.
Introduction
To support the rapidly emerging bandwidth-hungry multimedia services such as HDTV, online game etc., the transmission capacity of the optical access networks is required to be increased. Optical orthogonal frequency division multiplexing (OOFDM) is considered as a promising candidate technology for next-generation passive optical networks (PONs), due to its inherent advantages including, for example, rich digital signal processing (DSP) realizations, high spectral efficiency, and flexible dynamical bandwidth allocation capability [1] - [3] . Meanwhile, OOFDM systems with the intensity-modulation and direct-detection (IMDD) approach have attracted a lot of attention in the access scenario because of its low DSP complexity, stable performance, and low-cost compared with coherent optical OFDM (CO-OFDM) systems.
However, it is well known that OFDM systems are sensitive to synchronization error. For IMDD OOFDM systems, the synchronization techniques are mainly focused on sampling frequency synchronization and symbol synchronization. Symbol synchronization errors will cause inter-symbol interference (ISI) and degrades system bit error rate (BER) performance [4] . For most practical systems where the transmitters and receivers are separated physically, the receiver operates with an independent sampling clock. SFO between the digital-to-analog converter (DAC) in the transmitter and analog-to-digital converter (ADC) in the receiver degrades system performance, such as amplitude reduction, phase rotation and inter-carrier interference (ICI) [5] , [6] . Therefore, sampling frequency synchronization is a critical technology for OOFDM systems.
In recent years, several methods have been proposed to mitigate the impairments of the SFO. A dedicated clock signal is transmitted to the receiver with the OFDM signal in different frequency ranges for the sample clock of ADC [7] , [8] . Chen and Jin proposed methods to estimate the SFO in the receiver using DSP techniques, as well as feedback to a voltage controller oscillator (VCO) to mitigate the impacts of SFO [9] , [10] . However, above-mentioned methods are limited by the requirement of additional clock recovery circuits with high-speed PLL or VCO to adjust the physical sampling clock. Since the sampling rates of ADCs for the high-speed optical communication systems usually operate at several giga-samples per second (GSps), the additional clock recovery circuits for such high-speed sampling rate are too complicated and expensive for the cost-sensitive access networks.
Another way of sampling frequency synchronization is using DSP techniques both in SFO estimation and compensation [11] - [13] . The methods in [11] and [13] have consider the laser phase noise in coherent optical OFDM, which maybe not suitable for the IMDD OFDM systems. Chen proposed a pilot-aided SFO estimation and compensation method for optical IMDD OFDM systems [12] . However, the use of four pilot subcarriers will reduce the system spectral efficiency. A SFO estimation method is achieved via a correlation method based on the training symbols of two consecutive OFDM frame in frequency domain in [14] and [15] , but the multiplication operations in this estimation method cost too many computing resources. The method in [16] is based on the characteristic of the cross-correlation of training symbol, but it cannot estimate the SFO correctly when the time shift between the training symbols of two continuous frames has beyond 0.5 sampling point. In addition, to our best knowledge, most algorithms are designed for SFO estimation, and the SFO compensation method with DSP technique has yet to be considered.
In this paper, a frequency domain IMDD OFDM channel model with consideration of the SFO affect for OFDM transmissions is firstly established based on the analysis of [5] and [6] . A lowcomplexity SFO estimation and compensation scheme for optical IMDD OFDM systems with independent clock in the transmitter and receiver is proposed. Experimental demonstrations are under taken to evaluate the performance of the mentioned scheme. The SFO can be estimated based on only one single pilot subcarrier. The experimental results show that precise SFO estimation with an accuracy of < ±0.2 ppm can be achieved under SFO range from −1000 ppm to 1000 ppm after 25 km standard single mode fiber (SSMF) transmission. Meanwhile, SFO compensation can be achieved via channel equalization utilizing the extended channel response with the phase shift correction term.
Principle of Proposed Frequency Offset Estimation and Compensation

SFO Estimation
The relative SFO between the DAC's and ADC's clocks can be denoted by = (f t − f r )/f r , f t and f r represent the sampling frequency in the transmitter and receiver, respectively. By adopting the mathematical model of SFO in [6] , the sampled sequence of the received baseband signal y(t) can be given by
where m is the OFDM symbol index, and l is the index of samples in one OFDM symbol: m ࣙ 0 and 0 ࣘ l ࣘ N t . In addition, N t = N c + N is the total number of samples in one OFDM symbol, N c is the length of the cyclic prefix (CP), N is the IFFT/FFT size, and T s is the sample period. In general, is the order of 10 −4 , which is much smaller than 1; then, the time shift of the samples in mth OFDM symbol from their nominal position can be approximated as mN t T s . Hence, the output of the FFT function in the receiver have an extra multiplicative factor of the form exp( jω k (mN t T s )), where ω k is the frequency at the kth subcarrier given by
Therefore, the phase shift for the kth subcarrier in the mth OFDM symbol is given by
where
where S is the slope of the phase shift. Equation (3) shows that the phase shift φ k,m caused by the SFO is proportional to the subcarrier index k and OFDM symbol index m. Taking into account the influence of the SFO and adopting the analysis of [5] and [6] , the received OFDM signal in frequency domain channel model can be described as follows:
where d k,m and R k,m are the transmitted and received information respectively, H k is the channel response for the kth subcarrier, and n k,m represents the noise. The proposed SFO estimation method is based on the pilot subcarrier. The phase shift of the pilot subcarrier on mth OFDM symbol is obtained bŷ
where arg(·) stands for the angle. It is noteworthy that the phase shift of the pilot subcarrier may be greater than π or less than −π with the increasing OFDM symbol index m, but the output of arg(·) is limited to the range of [−π, π]. To avoid this problem, the estimate phase shift is needed to be corrected. The corrected phase shift is defined aŝ
where V is a threshold value, φ k,0 is the initial phase shift of the pilot subcarrier, Skm is the phase shift increment, and w k,m is the phase noise. To reduce the impact of the noise, the corrected phase shift is run through an averaging processor of the form
where D is the averaging window length, and W m is the average value of the phase noise w k,m with an averaging window length of D. Equation (8) shows that the corrected phase shift is proportional to the symbol index m. Then the slope of phase shift can be estimated bŷ
where L is the symbol number between the two OFDM symbols whose phase shifts are used to estimate the slope S. 
SFO Compensation
With the estimated slopeŜ, the phase shift for the kth subcarrier in the mth OFDM symbol can be obtained by Equation (3) . To compensate for the phase shift caused by SFO, a classical approach is used by multiplying additional phase correction term exp(−jŜkm) in the frequency domain [6] . We take a different approach and extend the channel response H k by inserting the phase shift term
Equation (10) shows that the extended channel response H k,m can be achieved by using an iterative algorithm. In general, is the order of 10 −4 , the phase shift incrementŜk for one OFDM symbol is very small, and the approximation e jŜk ≈ 1 + jŜk (11) can be applied. In this case, the extended channel response can be transformed as follows:
The initial channel response H k,0 can be achieved by using the least square channel estimation algorithm based on the training symbol [17] . Then, the extended channel response can be used for channel equalization. Due to the insertion of the phase shift term in the extended channel response, the SFO can be compensated at the same time. Fig. 1 shows the experimental setup of the adopted IMDD transmission system and its corresponding DSP blocks implemented by Matlab. The IFFT/FFT sizes are fixed to 64 in the previously mentioned system. One OFDM frame is constructed with 80 zeros samples as header, which is one training symbol followed by 100 data-carrying OFDM symbols, where the 80 zero-sample header is used to perform coarse symbol synchronization and training symbol are utilized to perform accurate symbol synchronization and channel estimation. The length of CP for training symbol and data-carrying OFDM symbols is fixed to 16 samples (eight samples at both ends of one OFDM symbol). In the transmitter, the time-domain OFDM signal is generated by using Matlab. First, an incoming pseudo random binary sequence (PRBS) of 2 15 − 1 is mapped by using 36 16-QAM encoders, four quadrature phase-shift keying encoders, and one binary phase-shift keying encoder. Due to the imperfect frequency response of the transmission link, an adaptive modulation technique is used to obtain the optimal transmission performance. Then, a pilot subcarrier is insert and replace one of the data subcarrier. The encoded complex information-bearing subcarriers are arranged to satisfy the Hermitian symmetry with respect to their conjugate counterparts to generate real-valued OFDM symbols after the floating-operation IFFT. The generated OFDM signal is loaded into an Arbitrary Waveform Generator with 5 GSps sampling rate and 8-bit DAC (AWG, Tektronix, 7122 C) to generated electrical analog OFDM signal. After passing through an electrical low-pass filter (LPF) with 3-dB bandwidth of 2.5 GHz, the electrical OFDM signal is amplified to 2 V peak-to-peak voltage by an electrical amplifier (EA). Then a 1550 nm DFB laser with 3 GHz modulation bandwidth is used to convert the electrical OFDM signals into optical domain before injecting into 25 km SSMF. The launched optical power is 8 dBm.
Experimental Verifications and Discussions
In the receiver, a variable optical attenuator (VOA) is employed to achieve different received optical power. Then, a 10 GHz PIN photo-detector is utilized to convert the optical signal into electronic domain. After passing through the electrical EA and LPF, the electrical analog OFDM signal is sampled by a digital storage oscilloscope (DSO, Keysight, DSO-S 804 A) with 5 GSps@10-bit ADC for off-line processing.
It is worth to mention that, a reference clock output with the frequency of 10 MHz form the AWG is connected to DSO as the reference clock input in order to introduce proper SFO for measurements. The threshold V is π for the proposed SFO estimation method.
From (6), (8), and (9), the estimation accuracy of SFO is related to the pilot subcarrier index k, the SNR of the pilot subcarrier, the averaging window length D and the cumulate symbol number L. The pilot subcarrier index is firstly optimized in a 25 km SSMF transmission system. The variance is induced to evaluated the SFO estimation performance. The variance of the estimated SFO is defined as
whereS is the mean of the estimated SFOŜ. The SNR values (dB) are derived from error vector magnitude (EVM) [18] values, achieved through constellation with no SFO according to the following formula: The received optical power is set at −9 dBm. Fig. 2 shows the measured estimation performance versus pilot subcarrier index when the SFO is 20 ppm. It can be seen from Fig. 2 that the variance of the SFO estimate decreases with the increase of pilot subcarrier index when k ࣘ 12, mainly because the SNR of this pilot subcarriers are close and a higher pilot subcarrier index as a denominator in (9) will reduce the effect of the noise. When k ࣙ 16, the variance will increase with the pilot subcarrier index since the SNR deteriorate rapidly with the increasing pilot subcarrier index. In the following discussion, the pilot subcarrier index is set at 16 since it has almost the best estimation performance but lower SNR which can reduce the relative bit overhead. Moreover, the division operation with a denominator of 16 can be eliminated by shifting arithmetic right. Fig. 3 shows the phase shift before and after smooth versus symbol index m at a received optical power of −9 dBm. As we can see, the phase shift lines after averaging processor of Eq. (8) are more smooth than those before averaging processor, and the phase shift increases with the symbol index considering the influence of noise. The averaging window length D is 16. Fig. 4 shows the probability density functions of the estimated SFO with different averaging window length D. The real SFO in this case is 20 ppm, and the received optical power is −9 dBm. It can be shown from Fig. 4 that a wider averaging window length can lead to more precise estimation since a large D can decrease the standard deviation of the phase noise which can be inferred from (8) and (9). Fig. 5 shows the BER performance and the variance of the estimated SFO versus cumulate symbol number at −9 dBm received optical power when the SFO is 40 ppm. From Eq. (9) we can see that a larger cumulate symbol number L makes the standard deviation of the noise item (W D +L − W D )/L k smaller which can been verified in Fig. 5 . Fig. 5 also shows that the variance of the estimated SFO decreases with the increase of cumulate symbol number L and changes slowly when L ࣙ 64. The BER curve with compensation shows similar trends. When L ࣙ 64, the BER at a SFO of 40 ppm after compensation is very close to the BER without SFO. Fig. 6 shows the SFO estimation performance at a received optical power of −9 dBm. It is shown that the deviation of the mean of the estimated SFO from the real SFO is less than 0.2 ppm and the variance of the estimated SFO is less than 5 under SFO range from −1000 ppm to 1000 ppm. The length of CP can affect the estimated range of the SFO, and a larger SFO needs a longer CP overhead against the SFO induced ISI [13] . In this case, the cumulate symbol number L is 64, and the averaging window length D is 16, and therefore, the maximum of the SFO which can be estimated without the effect of ISI is CP/2/((D + L ) * N t ) = 1250 ppm, which also can be verified in Fig. 6 . Fig. 7 shows the relationship between BER and SFO with and without compensation. In this case, the received optical power is −9 dBm. As shown in Fig. 7 , the BER performance without compensation is degraded dramatically. After compensation with Eq. (10), system can tolerate more than 1000 ppm SFO effects at a BER of 3.8 × 10 −3 . When the SFO is more than 1000 ppm, the BER performance will degrade dramatically even though the SFO-caused phase shift is compensated by (10) . This is because that the last FFT window of one OFDM frame has exceed the single side CP, which will lead to serious ISI. When (12) is used to compensate the SFO effects, this system can tolerate more than 400 ppm SFO effects at a BER of 3.8 × 10 −3 . When SFO ࣘ 150 ppm, the performance after compensated by (12) is similar to the performance after compensated by (10) . The use of (12) will reduce the computational cost. Fig. 8 shows the BER performance versus received optical power at a 40 ppm and 80 ppm with and without the proposed compensation scheme in place, which shows that for the presence of 40 ppm and 80 ppm SFO without compensation, the error floors keep at a very high error rate for both cases. Meanwhile, the BER performance after compensation with (10) or (12) is very close to BER performance in the case without SFO. This indicates that the proposed estimation method can achieve a high performance even only one single pilot subcarrier is used.
Conclusions
A low-complexity SFO estimation and compensation method for asynchronous optical IMDD OFDM systems with only one single pilot subcarrier is proposed. The experimental results show that the proposed SFO estimation method is capable of estimating SFOs with an accuracy of 0.2 ppm for SFOs as large as 1000 ppm. SFO compensation method by extending the channel response with the phase shift correction term is also proposed in this paper. At adopted FEC limit of 3.8 × 10 −3 , more than 1000 ppm and 400 ppm SFO effects can be compensated by using the phase shift correction term and its approximation, respectively. Meanwhile, the SFO compensation method using approximate phase correction term has a lower level of operation complexity.
